Five bacteriophages infecting only Saccharopolysp6ra erythraea (formerly Streptomyces erythreus) among 43 Streptomyces spp. tested were classified into two groups by phage-host relationships, restriction enzyme mapping, cohesive-end determinations, and Southern hybridizations. +SE6, the most frequently isolated phage, produced clear plaques on all hosts tested, while +SE45, 4SE57, 4SE60, and +SE69 produced turbid plaques. +SE6 DNA was linear, had a molecular weight of (27.6 ± 1) x 106 and, like the DNAs of +SE45, *SE57, and +SE69, lacked cohesive ends. The characteristic patterns of ClaI and HindHI restriction digests of 4SE6 DNA and the results of Southern hybridizations with three different ClaI fragments of +SE6 DNA as probes indicated that +SE6 DNA was partially circularly permuted and terminally redundant, suggesting that it was packaged by a headful packaging mechanisni. Southern hybridization data also showed that +SE45, *SE57, and +SE69 were closely related to +SE6. +SE60 DNA; in contrast, had cohesive ends, and restriction mapping plus Southern hybridization data showed that +SE60 was unrelated to the other four phages.
Recent advances in Streptomyces gene cloning methodology (1, 6, 11) have opened new ways to learn about the molecular biology of antibiotic production in this genus. Application of these methods to Streptomyces erythreus (recently reclassified as Saccharopolyspora erythraea sp. nov [15] ), which produces the medically important macrolide antibiotic erythromycin A (18) , has been difficult because many of the available plasmid vectors do not stably transform this species (29) . After finding that the broad-hostrange bacteriophages SH10, R4, and 4C31 (16) did not infect or transduce S. erythraea strains, we undertook a study of phages of this species isolated from the soil to determine their potential for development into cloning vectors. This report presents the initial results of the investigation of five new phages whose host range is limited solely to S. erythraea. From the results of studies of phage-host relationships, restriction enzyme mapping, cohesive-end determinations, and Southern hybridizations, four of these-+SE6, 4 )SE45, 4)SE57, and 4)SE69-were classified into one group. Detailed study of 4SE6, the most frequently isolated phage, indicated that its DNA lacks cohesive ends and is partially circularly permuted and terminally redundant. These properties suggest that 4SE6 DNA is packaged by the headful packaging mechanism, like phage P22 of Salmonella typhimurium (25) . In contrast, we showed that the fifth phage, 4)SE60, is unrelated to the other four phages. It may be related to S. erythraea phages 121 and SE-5 described by Brzezinski et al. (4) , however. The isolation of deletion mutants of 4SE60 and its apparent temperate character indicate that 4)SE60 is the best candidate for Vector construction among the five phages characterized.
MATERIALS AND METHODS
Bacterial strains and bacteriophages. The S. erythraea strains used were as follows: NRRL 2338, NRRL 2359, NRRL 2360, and NRRL 2361; ATCC 11635; CA119, CA340, 2NU153, and 9EI141 (obtained from L. Katz, Abbott Laboratories, North Chicago, Ill); and 43535 and 41376 (obtained from S. Klaus, Academy of Sciences Jena, German Democratic Republic). Bacteriophages R4 and XC31 and vectors were obtained from Difco Laboratories, Detroit, Mich., unless otherwise specified. Biochemicals were purchased from Sigma Chemical Co., St. Louis, Mo.; restriction endonucleases and other enzymes were purchased from Bethesda Research Laboratories, Inc., Gaithersburg, Md., or New England BioLabs, Inc., Beverly, Mass. Nitrocellulose BA85 was obtained from Schleicher & Schuell, Inc., Keene, N.H. Standard reagents and buffers were as described by Hopwood et al. (11) or Maniatis et al. (17) . SGGP*, R2T20, and modified P medium were as described by Yamamoto et al. (29) . Phage buffer was 20 mM Tris (pH 7.5)-10 mM MgCl2-10 mM CaCl2. S. erythraea spores were obtained as previously described (28) , and spores of the streptomycetes were obtained by standard methods (11) after growth on appropriate sporulation media. Double-layer plates containing nutrient agar supplemented with 0.1% glucose, 10 mM CaCl2, and 10 mM MgCl2 were used as described previously (11) for the routine growth of phages. Phages were grown on a large scale in sterilized glass dishes (23 by 33 cm) fitted with mnetal covers and equivalent in surface area to 10 100-mm petri dishes.
Phage isolation and purification. Phage isolation and purification were performed by the enrichment method (11) with soil samples (10 to 20 g) obtained from various locations in Wisconsin, tryptic soy broth (50 ml), and ca. 107 spores of an S. erythraea strain. After growth at 30°C for 1 to 2 days with shaking, a filter-sterilized sample of the supernatant was tested for the presence of viable phages by the double-layer plate method with spores of S. erythraea NRRL 2338, CA340, or 43535 as the indicator strain. Phages obtained from plaque soak-outs with nutrient broth were purified by three serial, single-plaque isolations before a confluent phage lysate was prepared.
Isolation of putative lysogenic strains. Cells were picked from the center of turbid plaques or from growth occurring after confluent lysis on solid media. The cells were streaked (29) . Approxitnately 10W of these protoplasts in modified P medium were transfected with 4SE6 DNA (0.5 to 1.0 ILg) by the liposome-assisted method (22) and were then immediately mixed with 500 pAl of 25% polyethylene glycol 3350 (J. T. Baker Chemical Co., Phillipsburg, N.J.) in T buffer (11) by gentle trituration three times with the yellow Pipetman tip. The transfected protoplasts were plated directly (or after serial dilution with modified P medium) on dry R2T20 plates, the plates were, overlaid with 5 ml of soft R2T20 agar containin,g NRRL 2338 spores, and the cells were regenerated as described previously (29) until a background of growth appeared before the plaques were counted.
Tests for transducing phages. Phage lysates were prepared by growing the five different phages on NRRL 2338 and were then titrated. Phages were mixed with 107 spores (multiplicity of infection, 1) of one of the following auxotrophic strains of S. erythraea NRRL 2338 (28): UW3 (pro-i), UW4 (arg-1), UWS (trp-J), UW195 (phe-S), UW198 (leu-J), UW216 (met-3), UW291 (leu-18 ile-1), and tJW348 (val-I eryA41).
The mixtures were then grown on R2MM plates as described previously (28) . The numbers of prototrophic colonies appearing on these plates were counted and compared with the numbers of revertants obtained in a control plating of autoxtrophs without added phages.
RESULTS
General properties of the five phages. From about 75 soil samnples collected at different locations in Wisconsin, we isolated phages that were capable of growth on S. erythraea strains and chose five for further study by using differences in plaque morphology and turbidity as our initial criteria. The data in Table 1 show that the five phages exhibited significant differences in plaque size and plaque turbidity. Clear-plaque mutants of 4)SE57 and 4SE69 were formed spontaneously at a detectable frequency. Four of the phages, 4SE45, 4SE57, ASE60, and +SE69, appeared to be temperate on the basis of the ability of spores obtained from their host strains to release infectious phages (see below). The fifth, 4SE6, was frequently reisolated from different soil samples. The host range of these five phages was restricted solely to S. erythraea as far as could be determined by plate spot tests for evidence of lysis on 43 Streptomyces species, including Streptomyces lividans. All of them but 4fSE60 formed plaques on Saccharopolyspora hirsuta NRRL B-5792, the type strain used by Labeda to support the reclassification of NRRL 2338 as S. erythraea sp. nov. (15) . 4SE6 could be propagated on 10 of 11 S. erythraea strains tested and showed less than a 100-fold difference in plating efficietncy when passaged in four different strains (Table 2) . Analogous tests of the plating efficiencies of the other four phages were not done.
The morphology of 4SE6 only was investigated by electron microscopy. Phage particles had tails and icosahedral heads, thus placing them in the B2 type of bacteriophage, as classified by Bradley (3) . Their dimensions were 50 nm (head width) by 54 nm (head length), with a tail length of ca. 130 nm. The tail had numerous conspicuous striations and at least three short tail fibers with clublike ends (Fig. 1 ). An S. erythraea phage with very similar morphology has been described by Rautenshtein et al. (21) .
The possibility that 4SE45, 4SE57, +SE60, and 4SE69 could lysogenize S. erythraea was investigated by the following experiments. Spores obtained from putative lysogens of these four phages were shown to release viable phages after exhaustive washing and serial transfer in the presence of citrate to inhibit phage adsorption or viability (20) . Since the infection of a host strain could be inhibited by citrate, it appears that each of the four phages can Iysogenize S. erythraea. This method has often been used to test for lysogenic Streptomyces phages, but is not likely to be foolproof. Therefore, we determined if the apparenitly lysogenic strains could be superinfected by the same phage or another phage. The data in Table 3 show that in plate spot tests, none of the four putative lysogens was resistant to superinfection by 4SE6, but each was resistant to superinfection by its own phage and by som-e others. The inability of 4SE69 to form plaques on the putative 4)SE60 lysogen was the only anomalous result. We then probed DNA isolated from each putative lysogen by Southern hybridization with 32P-labeled DNA from the correspohding phage to determine if the prophage was integrated into the host genome or existed extrachromosomally. In all cases, there was no difference between the banding patterns of phage DNA and DNA from the putative lysogens in restriction digests with BglII, ClaI, EcoRV, PvuII, or SmaI. On the surface, this result indicates that the prophages were neither integrated nor episomal, an unusual finding for which we have no explanation. Characterization of phage DNA. After digestion of samples of phage DNA with five different restriction enzymes, the numbers of restriction fragments were recorded, and the sizes of the DNAs determined by summation of the restriction fragment sizes were calculated (data not shown). Figure  2 shows the patterns obtained by digestion with ClaI and PvuII. The data showed that the banding pattern and approximate size of 4SE60 DNA (53 kb) were quite different from those of the DNA of the other four phages, which exhibited a range of sizes between about 38 and 45 kb.
Similar to observations made for phage P22 DNA (13), a peculiarity in the restriction enzyme digests was noted for (Fig. 2) . Such results would not be obtained from a population of identical linear molecules. 4)SE6 DNA thus was examined by electron microscopy for an independent determination of its molecular weight. Measurement of 48 molecules showed them to be linear duplexes with a molecular weight of (27.6 ± 1) x 106 (41.5 kb), a value which corresponds to the higher value obtained from the gel data. The 11-kb difference in molecular size was not found to be a result of partial digestion. Moreover, scanning densitometry of lanes 4 and 8 in Fig. 3A related to the other four phages, a conclusion that is supported by the phage-host relationships shown in Table 3 . We tested this possibility by DNA hybridization experiments. 32P-labeled probes prepared from XSE6, 4SE45, 4SE57, or 4fSE69 DNA hybridized to all restriction fragments produced from any of these four phages (Fig. 4B shows the results of one experiment). The probe prepared from 4iSE60 DNA, in contrast, did not hybridize with the DNA from any of the other four phages ( BalI (4), Bcll (7) , KpnI (7), NcoI (4), PstI (13), SalI (>15), and SstI (>15); there were no sites for HpaI and XbaI. nonstringent conditions. Consequently, the five phages can be divided into two groups on the basis of the results of the cohesive-end determinations and Southern hybridizations.
We explored the structure of 4SE6 DNA further by
Southern hybridizations as a model for the four phages in the one group. The 3.1-, 3.8-and 11-kb ClaI fragments of 4)SE6
DNA were cloned into pBR328 as the p3, p9, and p208 plasmids, respectively, and used to probe ClaI, PvuII, or other restriction enzyme digests of 4SE6, 4SE45, 40SE57, and +SE69 DNAs. The p208 probe hybridized to many of the restriction fragments of DNA from the four phages (Fig. 4C) . In particular, it hybridized strongly with the (substoichiometric) 3.0-kb and (normal) 11-kb ClaI fragments but no others of ClaI-digested 4SE6 DNA (Fig. 4C, lanes 1 and 2) .
This result indicates that the 3.0-kb ClaI fragment is a subset of the nucleotide sequence in the 11-kb ClaI fragment. The p9 probe, in contrast, hybridized only with the 3.8-kb ClaI fragment of CiaI-digested 4SE6 DNA (Fig. 3C, lane 1) , and the p3 probe hybridized only with the 3.1-kb ClaI fragment (data not shown).
Using the results from the Southern hybridization experiments and from single and double digestions with six restriction enzymes, we were able to construct the restriction map of 4SE6 DNA shown in Fig. 6 . This map is interpreted in relation to a proposed packaging model for 4SE6 DNA in the Discussion. A restriction map of 4~SE60 DNA was constructed in a more straightforward manner from the results of sipgle and double digestions with five restriction enzymes (Fig. 7) .
Since 4jSE60 was sensitive to chelating agents, which can be used with phages that package their DNA by a sitespecific mechanism to select for deletion mutants (19) , we attempted to isolate 4SE60 deletion mutants as a first'' s'tep toward vector construction. By screening a large number of plaques obtained from the treatment of 4SE60 with sodium PPi, we eventually isolated two deletion mutants, although the small differences in plaque morphology among the resulting, largely turbid plaques complicated the detection of nonsiblings. The positions of the deletions were mapped by restriction digestion (data not shown), which established that A601 contained a 2.1-kb deletion that removed the NcoI site near the middle'of the 4SE60 restriction map and that A617 had a 1.8-kb deletion that greatly reduced the size of the smallest NcoI fragment near the right-hand side of this map (Fig. 7) .Two spontaneously produced clear-plaque mutants of 4SE60 were also isolated, but the restriction digests of their DNAs, with ApaI, BamHI, EcoRV, and MluI were indistinguishable from those of XSE60 DNA. This result indicates that the presumed deletions were too small to map with these enzymes.
Transfection and transduction properties of the phages. Protoplasts of NRRL 2338 could be transfected with purified 4SE6 DNA by using the liposome-assisted method developed by Rodicio and Chater (22) for transfection of S.
lividans. The transfection efficiency, 5 x 103 to 8 x 104 PFU/,ug of 4SE6 DNA, was approximately 100-fold lower than the transformation frequency with plasmid DNA isolated from S. erythraea (29) .
A series of experiments to detect transducing ability in any of the five phages were performed as outlined in Materials and Methods. With the auxotrophic strains used, no significant increase in the number of colonies on minimal medium above the levels resulting from reversion on control plates was observed. Since all of the phages formed plaques on NRRL 2338 when this medium was used, the negative results were not caused by a lack of phage adsorption and infection. Therefore, none of the five phages appear to have transducing ability in the S. erythraea NRRL 2338 background.
DISCUSSION
The general properties of the five phages we have described here do not differ remarkably from those observed for Streptomyces phages (5, 8, 16) , except for their inability to grow on any of 43 Streptomyces species tested. This presumably is the result of a unique phage receptor in Saccharopolyspora spp., which are known to have the type IV cell wall (15) rather than the type II cell wall characteristic of Streptomyces spp. Consequently, our findings support the recent reclassification of S. erythreus NRRL 2338 as S. erythraea sp. nov. (15) .
The five S. erythraea phages we have described can be divided into two groups on the following basis. The results of the cohesive-end determinations and DNA hybridization experiments showed that four of the phages, 4SE6, 4iSE45, 4SE57, and (SE69, are related, even though the restriction enzyme digestion patterns and apparent sizes of the DNAs purified from these four phages were significantly different. Some of these phages also seem to be related by their apparent immunity properties (Table 3 ), but it is premature to conclude that 40SE45 and 4SE57, for example, are homoimmune until we determine whether the observed resistance to superinfection is a result of exclusion, immunity, or restriction. Despite the need for additional work before we can explain the data in Table 3 , it is clear that 4SE60 is distinguished from the other four phages by the lack of any DNA sequence homology with their DNAs and the presence of cohesive ends in its DNA.
Our observations about the structure of 4SE6 DNA can be explained as follows and used to present a model for its DNA packaging mechanism. This model may also be appropriate for 45E45, 4SE57, and 4SE69, since they appear to be related to 4)SE6.
The models for the DNA structure of bacteriophages like P22 (13, (25) (26) (27) and 4H from Halobacterium halobium (23) provide an explanation for the origin of the diffuse and substoichiometric bands in (SE6 DNA restriction digests. In a headful DNA packaging mechanism, substoichiometric bands arise from the "pac" fragment, which is the fragment generated by the pac site and the next occurring restriction enzyme site in the DNA (13). Jackson et al. (13) have shown by analysis of EcoRI digests that the pac fragment of P22 DNA is present in a substoichiometric amount and is part of a larger EcoRI fragment, which itself exhibits a variable size (and thus forms diffuse bands in restriction digests) because DNA packaging terminates within this fragment in the first three headfuls of DNA packaged from the concatemer. Furthermore, Tye et al. (26, 27) have established that P22 DNA is partially circularly permuted and ca. 2% terminally redundant.
In applying these parameters to an interpretation of the structure and packaging of 4SE6 DNA, we show in Fig. 8A that one ca. 18-kb HindIII fragment will be produced in restriction digests each time DNA packaging initiates at the pac site. This should occur only once in the first few headfuls of DNA (13, 23, 26, 27) ; therefore, the ca. 18-kb band will appear to be substoichiometric in the gels. Another, larger band of ca. 24 kb will also appear and will be diffuse (broadened) because of the presence of a mixture of DNA fragments covering a small range of sizes. This mixture would result from a partially circularly permuted, terminally redundant DNA structure and the absence of a unique cutting terminus characteristic of headful DNA packaging (13, 23, 26, 27) . DNA from the second headful (and perhaps later headfuls) will have two HindIII sites: one ca. 6 kb from the terminus of the first headful and another 31 kb beyond the first. Since 41 kb of DNA is in a headful, ca. 6 kb of DNA will also be present beyond the end of the second HindIII site. The two ca. 6-kb fragments will be defined by only one HindIII site and thus will appear as a diffuse band because of the imprecise termination of headful DNA packaging. Most headfuls will contain a 31-kb fragment of DNA which will appear as a uniquely sized fragment because it is bound by two HindIII sites. The data in Fig. 3A When +SE6 DNA is cut with ClaI, the above model predicts (Fig. 8B ) that the two smaller fragments of 3.1 and 3.8 kb will usually be present twice in the first headful along with the 3.0-kb pac fragment. The latter fragment appears as a very faint band just in front of the 3.1-kb fragment in Fig.   4A , lane 2. The fact that the 11-kb ClaI fragment of +SE6 DNA hybridized to itself and to the 3.0-kb ClaI fragment (Fig. 4C) establishes the unique nature of the 3.0-kb ClaI fragment and strongly suggests that the pac site is located within it, on the basis of a similar argument used to deduce the origin of the pac fragment in P22 DNA (13) . In some headfuls the variability of genome termination will cause the 3.1-and 3.8-kb fragments to disappear when they are located near the headful packaging terminus, but in most other headfuls these fragments will not be near the packaging start or terminus and consequently will appear more than once in those headfuls. These two fragments thus will not be present in equimolar amounts. In gel analyses ( Fig. 2A and 3A) , this could result in their having an intensity greater than that of the two larger bands of 11 and 13 kb, which also will be present in most headfuls but only at one copy each. The headful packaging model shown in Fig. 8 for 4SE6 DNA therefore accounts for the observed restriction enzyme digest patterns and hybridization data. Using the data shown in Fig. 2A and 3A and B, we found that the results of BglII, EcoRI, and EcoRV digestions of 4SE6 DNA also supported this model. It is likely that 4SE6 DNA is packaged unidirectionally (13, 23, 25) , since only one substoichiometric pac fragment appeared in several different restriction digests (Fig. 3B ), but we could not determine the direction of packaging from the available data.
Our model for the structure and packaging mechanism for 4SE6 DNA is precedented by a proposal for SF1 (7), a P1-like Streptomyces phage whose DNA has similar characteristics. A surprising finding is the apparently large redundancy of 27% present in 0SE6 DNA. A similar amount of redundancy is known for the DNA of P22 deletion or insertion mutants (26, 27) , but the DNA of SF1 has only 8 to 10%o terminal redundancy (7) . If 4SE6 were a c deletion mutant from the family of phages that includes +SE45, behavior (Table 3 ) and might also be the reason for its large structural redundancy.
Bacteriophages like P22 which use a headful DNA packaging mechanism are known to have transducing properties (25) . SF1 is reported to be a generalized transducing phage (7) , but 4SE6 and the other four phages we have studied did not exhibit this property.
The S. erythraea phages described by Donadio et al. (10) differ from our five phages in DNA molecular size and restriction pattern, yet they share the exclusive host range. We have not tested the possibility for DNA homology between these three phages and the ones described here. DNA from 4SE60 but not 4SE6 has some homology with the DNAs from the 121 and SE-5 S. erythraea phages (4), however (R. Brzezinski, personal communication) .
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